Abstract In addition to its role as a molecular chaperone, heat shock protein 72 (Hsp72) protects cells against a wide range of apoptosis inducing stresses. However, it is unclear if these two roles are functionally related or whether Hsp72
Introduction
Heat shock protein 72 (Hsp72) protects mammalian cells from apoptosis induced by a variety of different stresses including heat, UVC radiation, ceramide, tumor necrosis factor alpha (TNFα), and some chemotoxic drugs (Ahn et al. 1999; Buzzard et al. 1998; Demidenko et al. 2006; Dressel et al. 2003; Gabai et al. 1997; Jaattela et al. 1992; Simon et al. 1995; Sliutz et al. 1996) . As Hsp72 expression is induced in response to proteotoxic stresses such as heat, it may be important for preventing the excessive apoptosis of cells when organisms are exposed to extreme conditions. Hsp72 is expressed at high levels in many forms of cancer, where it is thought to enhance the viability of cancer cells and their resistance to apoptosis (Gabai et al. 2005; Nylandsted et al. 2000) . The mechanisms by which Hsp72 regulates apoptosis remain controversial, but include reports of the protein suppressing stress-induced Jun Nterminal kinase (JNK) activation (Gabai et al. 1997; Mosser et al. 1997) , inhibiting the translocation of the pro-apoptotic protein Bax to the surface of the mitochondria (Gotoh et al. 2004; Stankiewicz et al. 2005) and preventing the release of cathepsins from lysosomes (Nylandsted et al. 2004 ). While the multitude of different mechanisms have prompted the suggestion that Hsp72 regulates apoptosis simultaneously at multiple different points in the apoptotic pathway (Beere 2005) , all studies to date have observed only single mechanisms operating in individual cell types and so have not confirmed this suggestion. The lack of reproducibility between the different cell models raises questions about the generality of these mechanisms and how they might all be integrated in a physiological context.
The question of integration is particularly important as Hsp72 belongs to a highly conserved family of molecular chaperones, collectively known as Hsp70, that participate in many different cellular functions (Agashe and Hartl 2000) . As molecular chaperones, Hsp70 family members bind to exposed hydrophobic protein surfaces, inhibiting aggregation and promoting the refolding of denatured proteins (Kobayashi et al. 2000; Wang et al. 2005) . This chaperone function is critical for the translation of proteins from ribosomes (Beckmann et al. 1990 ), the translocation of proteins through intracellular membranes (Kang et al. 1990 ) and is required for the remodeling of native protein structures such as clathrin-coated vesicles and steroid receptors (Chappell et al. 1986; Kosano et al. 1998) . Hsp70 also has an important role in modulating protein homeostasis by targeting proteins for proteolytic degradation through the ubiquitin/proteasome and lysosomal systems (Dice 2007; Esser et al. 2004) .
Despite the many different roles performed by Hsp70 proteins, all members of the family possess only two key domains: a C-terminal peptide-binding domain that preferentially binds to exposed hydrophobic peptide sequences that characterize denatured proteins, and an N-terminal adenosine triphosphatase (ATPase) domain that regulates the binding affinity of the peptide-binding domain (Palleros et al. 1991) . When adenosine triphosphate (ATP) is bound at the nucleotide-binding site, the peptide-binding domain possesses only a weak affinity for hydrophobic peptides but the hydrolysis of ATP to ADP results in a conformational change and an increase in peptide-binding affinity. This cycle of substrate-binding and release, regulated by ATP hydrolysis and ADP/ATP exchange is known as the chaperone cycle (Mayer and Bukau 2005) . The chaperone cycle is further regulated by the presence of co-chaperones, such as Hsp40, that stimulate or inhibit ATP hydrolysis and nucleotide exchange, as well as targeting Hsp70 molecules to specific organelles and substrates (Mayer and Bukau 2005; Young et al. 2003) . The C-terminal EEVD motif conserved in all cytosolic Hsp70 family members is known to interact with co-chaperones (Brinker et al. 2002) as well as with the N-terminal ATP-binding domain and is essential for Hsp70 function (Freeman et al. 1995) .
While the search for the anti-apoptotic targets of Hsp72 continues, there has been less debate about how the Hsp72 protein recognizes and interacts with these targets. Is Hsp72 chaperone activity required for the remodeling of an apoptotic signaling complex in the same way it is required for remodeling the progesterone receptor (Kosano et al. 1998 )? Mosser et al. (2000 reported that chaperone activity was required for the inhibition of apoptosis, while other authors have concluded that only the substrate-binding domain is required for protection Sun et al. 2006; Volloch et al. 1999) . In this study, we expressed several different mutant forms of Hsp72 in cells and compared the ability of these proteins to inhibit apoptosis and promote the refolding of heat labile luciferase. We found that Hsp72 mutants with a functional substrate-binding domain but lacking ATPase activity were still capable of protecting cells from apoptosis induced by both proteotoxic and nonproteotoxic stresses, despite lacking chaperone function as measured by a luciferase re-activation assay.
Materials and methods

Construction of plasmids
Wild-type and mutant Hsp72 cell lines were generated using the retroviral plasmid MSCV-IRES-EGFP (kind gift from Dr. S. Jane, Royal Melbourne Hospital, Australia). This vector expresses the transgene and enhanced green fluorescent protein (EGFP) as a single transcript separated by an internal ribosomal entry site, upstream of the EGFP gene. Cells expressing equivalent levels of messenger RNA can be selected based on EGFP fluorescence. The coding region of human wild-type Hsp72 derived from pH2.3 (kind gift from Dr. C. Hunt, Washington University, MO, USA), the ATPase inactivating point mutant K71E (kind gift from Dr. L. Greene, NIH, USA; Rajapandi et al. 1998 ) and the C-terminal deletion mutant containing amino acids 1-611 (kind gift from Dr. R. Morimoto, North Western University, IL, USA; Freeman et al. 1995) were all cloned into the MSCV-IRES-EGFP plasmid. The ATPase domain deletion mutant containing amino acids 381-640, was amplified by PCR from human 293 cell cDNA using the following oligonucleotide primers: 5′-AACGGAATTCCT GACCATGGGGGACAAGTCCGAA-3′ and 5′-ACG GAATTCTACCTAATCTACCTCCTCAATGGTGG-3′. The amplified product was ligated into pGEM-T Easy plasmid (Promega, Madison, MI, USA) for sequence verification before being digested with EcoRI and ligated into the MSCV-IRES-EGFP plasmid. The boundary between the ATPase domain of Hsp72 and the C-terminal substrate-binding domain lies between amino acid residues 381 to 386, as deduced from structural studies (Morshauser et al. 1999; Sondermann et al. 2001; Zhu et al. 1996) . The sequence for the 381-640 mutant was chosen to take advantage of a natural methionine for the initiation codon. All four proteins were expressed without affinity tags to avoid any possible fusion protein artefacts (Boice and Hightower 1997) .
The MSCV-luc plasmid, used in the luciferase assay, was prepared by cloning the luciferase gene from the pGL3-Control vector (Promega) into MSCV vector.
Cell lines and stable transfections
The tumorigenic mouse fibroblast L929 cell line and the mouse mammary carcinoma 4T1.2 cell line (Lelekakis et al. 1999) were maintained in Dulbecco's Modified Eagle's Medium and alpha minimal essential medium, respectively, supplemented with 10% fetal calf serum and 1% penicillinstreptomycin. Cultures were maintained at 37°C in a humidified 5% CO 2 atmosphere. A single cell clone, L929.3, with growth properties similar to the parental line, was generated prior to introduction of modified Hsp72 genes. L929.3 cells constitutively expressing wild-type or mutant Hsp72 were generated by infection with the relevant retrovirus. Populations of cells expressing the gene of interest were generated by florescence-activated cell sorting (FACS; Becton Dickinson FACS Star, San Jose, CA, USA) based on EGFP expression. To minimize fluorescence fluctuations, FITCconjugated beads were used as a reference for standardizing the fluorescence level when sorting the base vector (BV) and Hsp72 expressing cells. Expression of wild-type and mutant Hsp72 was confirmed by western blotting.
Treatment of cells
All experiments were performed on ∼50-70% confluent cell cultures. Immediately prior to each experiment, the medium was replaced with fresh, pH-and temperature-equilibrated medium. Cells were heated by immersion in a circulating water bath calibrated to the required temperature (42-44°C)± 0.1°C for 15-60 min or treated with mouse TNFα (Sigma, St Louis, MO, USA) and 100 ng/ml actinomycin D (Sigma). Thermotolerance was induced by exposure of cells to a heat treatment of 43°C for 15 min followed by 6 h at 37°C.
Apoptosis assays
Cells were permeabilized with 0.1% Triton X-100 prior to being stained with propidium iodide (PI; Sigma) to reveal nuclear structure. Nuclear condensation was scored by fluorescence microscopy, as described previously (Buzzard et al. 1998) . At least 200 cells were counted in each experiment, and the data were expressed as the mean ± SE of at least three independent experiments.
Long-term survival assay
Long-term survival of L929.3 cells was assessed by clonogenic assay. Briefly, dilutions containing known numbers of cells (1 to 10,000) were placed in Petri dishes at 37°C for 10-12 days. Colonies (>50 cells) derived from cells that survived the stress were stained with 0.1% crystal violet in 50% methanol and counted. The fraction of surviving cells was calculated as a ratio of the surviving fraction in untreated control samples.
Sulphorhodamine B proliferation assay
Two hundred to 500 cells were plated in 96-well plates, allowed to grow at 37°C, and harvested at specified times by fixing with 10% trichloroacetic acid (TCA). The wells were then stained with 0.4% sulphorhodamine B (Sigma) dissolved in 1% acetic acid. After extensive washing, the immobilized dye was dissolved in 10 mM Tris and the absorbance measured at 550 nm. The absorbance reflects the quantity of cellular proteins fixed by TCA and is therefore an indirect measure of cell number.
Western analysis
Samples containing equal amounts of protein were separated by SDS-PAGE and transferred to nitrocellulose membranes. The following antibodies were used: Hsp27 mouse monoclonal antibody (clone G3.1, SPA-800, Stressgen Biotechnologies, Victoria, BC, Canada); Hsp60 rabbit polyclonal antibody (kind gift from Prof. N. Hoogenraad, La Trobe University, Australia); Hsp72 mouse monoclonal antibody specific for human Hsp72 (clone N15, kind gift from Dr. W. Welch, UCSF, USA); Hsp72 mouse monoclonal antibody that recognizes both human and mouse Hsp72 (clone C92, SPA-810, Stressgen); Hsp72/Hsp73 goat polyclonal antibody that recognizes both human and mouse Hsp72 and Hsp73 (clone K20, sc-1060, Santa Cruz Biotechnology, CA); Hsp90 mouse monoclonal antibody (clone AC88, SPA-830, Stressgen); EGFP rabbit polyclonal antibody (915-059, Stressgen); and β-tubulin antibody (sc-9104, Santa Cruz). HRP-conjugated secondary antibodies were detected by enhanced chemiluminescence (Lumilight, Roche Diagnostics, Sydney, NSW, Australia).
Luciferase assays L929.3 or 4T1.2 cells were transiently transfected with the MSCV-luc plasmid by electroporation. After 24 h incubation, the cells were placed in fresh medium before heat treatment. Cycloheximide (CHX; Sigma) at 10 μg/ml was added before and/or after heat treatment to prevent de novo synthesis of luciferase and to ensure that only refolding of denatured pre-existing luciferase was observed. Cells were harvested and luciferase activity was measured using the Luciferase Assay System (Promega) according to the manufacturer's instructions on a POLARstar luminometer (BMG Labtechnologies, Offenburg, Germany).
Results
Stable expression of equivalent levels of wild-type and mutant Hsp72 proteins L929.3 cells were infected with MSCV-IRES-EGFP vector carrying either the wild-type or mutant Hsp72 genes (Fig. 1a) . Bulk populations of cells expressing Hsp72 were selected according to their EGFP fluorescence (Fig. 1b) . Base vector control cells were established by infecting L929.3 cells with the MSCV-IRES-EGFP base vector. Sorted cells were expanded and maintained as stable populations expressing a specific level of EGFP that was directly related to the expression of the co-expressed Hsp72 (data not shown). Expression of all Hsp72 variants was confirmed by western blotting (Fig. 1c) . N15, an antibody that is specific for human Hsp72, detected the full length Hsp72, 381-640, and K71E but failed to detect the 1-611 deletion mutant lacking the extreme C-terminus. The lower staining intensity of the K71E mutant compared to full length Hsp72 and the 381-640 mutant suggests that K71E was present at lower levels than the other two proteins despite the cells expressing equivalent levels of EGFP (Fig. 1b) . This may be due to a higher rate of protein turnover. To confirm that only human Hsp72 was being expressed in these mouse cells, we immunostained a matching membrane with C92, which detects both human and mouse Hsp72. The C92 antibody confirmed that L929.3 cells do not express Hsp72 in their resting state (lane marked BV) and that the expression of the human Hsp72 constructs, the full length Hsp72, 381-640, and K71E were consistent to what was detected using the N15 antibody. The C92 antibody also failed to detect the 1-611 mutant. Truncation at the C-terminal of 1-611 might have prevented the presentation of its C-terminal epitope to N15 and C92. Nevertheless, expression of 1-611 was confirmed with the polyclonal antibody K20 that recognizes both Hsp72 and Hsp73 (Fig. 1d) .
Expression of mutant Hsp72 proteins lacking ATPase activity reduces cell proliferation but does not induce a stress response
The rate of proliferation of BV, wild-type Hsp72, and 1-611 expressing cells was similar, while the 381-640 and K71E expressing cells grew more slowly over 6 days (50% and 37% of control rate, respectively; Fig. 2a ). Since the 381-640 construct has no ATPase domain and K71E has a defective ATPase domain, the slower growth rate is consistent with a lack of ATPase activity.
The identical staining patterns of N15 (human Hsp72) and C92 (human and mouse Hsp72) immunoblots demonstrated that no mouse Hsp72 was induced in L929.3 cells as a result of the expression of the various human Hsp72 wildtype and mutant proteins (Fig. 1c) . Western blotting confirmed that the expression of other Hsps (Hsp90, Hsp60, and Hsp27) was not altered by the presence of the different constructs (Fig. 2b ). Hsp27 could be detected only in thermotolerant cells. EGFP expression measured by western blotting analysis confirmed that cells with similar levels of EGFP fluorescence had been selected by FACS sorting (Fig. 2b) . Thus, the expression of wild-type and Constitutive expression of wild-type Hsp72, mutants K71E, and 381-640, but not 1-611, inhibits both heat-and TNFα-induced apoptosis in L929.3 cells
The expression of human Hsp72 provided L929.3 cells with substantial protection against heat-induced apoptosis (Fig. 3a) . The K71E and 381-640 proteins, both lacking a functional ATPase domain, provided a similar degree of protection, while cells expressing the 1-611 protein displayed an equivalent rate of apoptosis to the BV cells. This pattern of protection was not restricted to the induction of apoptosis within the 22 h after heating but was consistent with the ability of wild-type, K71E, and 381-640 proteins Fig. 3 Expression of wild-type Hsp72, K71E, or 381-640, but not 1-611, inhibits heat-and TNFα-induced apoptosis in L929.3 cells. a Induction of apoptosis as assessed by apoptotic morphology following PI staining 22 h after exposure to heat at 44°C. Data are expressed as mean ± standard error from at least three independent experiments. b Long-term survival after heat shock at 44°C for 60 min. c Apoptosis induction 22 h following addition of various doses of TNFα in the presence of 100 ng/ml of actinomycin D (Act D), as scored by nuclear morphology following PI staining. Data are expressed as mean ± standard error from at least three independent experiments. Statistical analysis by Student's t test; *p<0.05 Fig. 2 Effect of wild-type and mutant Hsp72 proteins on cell proliferation and on the expression of other stress proteins. a The growth rate of each line was measured using the sulphorhodamine B assay. The mean ± standard error from at least three independent experiments is shown. Statistical analysis by Student's t test; *p<0.05. b EGFP sorted L929.3 cells expressing various Hsp72 proteins were harvested. Samples containing equal protein were immunoblotted with a panel of antibodies to detect Hsp90, Hsp60, Hsp27, and EGFP. β-Tubulin was used as loading control. A lane containing protein from thermotolerant L929.3 cells was added to demonstrate that the Hsp27 antibody was functional to provide a long-term survival advantage to heated cells, as measured by a colony forming assay after heating at 44°C for 60 min (Fig. 3b) . Thus, the ability of constitutively expressed Hsp72 to protect cells from heat-induced cell death appears to require the C-terminal substrate-binding domain but is not dependent on ATPase activity.
Heat induces extensive protein denaturation in cells and stimulates the expression of HSPs required for protein repair. Thus, it is unclear if the ability of the substratebinding domain of Hsp72 to protect cells from heat-induced cell death is due to its ability to directly inhibit apoptosis or whether it is related to the role of Hsp72 in protein repair. To address this, L929.3 cells were treated with 5 to 50 U/ml of TNFα and 100 ng/ml of actinomycin D (Act D) for 22 h prior to scoring for apoptotic nuclear morphology (Fig. 3c) . TNFα acts on the extrinsic apoptotic pathway and does not cause any protein denaturation, therefore precluding any role for Hsp72 in protein repair. The 381-640 mutant was as effective as wild-type Hsp72 in protecting L929.3 cells from TNFα, with less, but still significant protection conferred by the K71E construct. The 1-611 construct resulted in a similar sensitivity to TNFα as the base vector. Long-term survival could not be assessed since the addition of Act D to block pro-survival pathways downstream of TNF-R1 ultimately kills the cells by blocking transcription. Hence, as for heat, the ATPase activity of Hsp72 is not required for protection of cells from TNFα.
Protection of luciferase activity during heat stress L929.3 cells expressing the various Hsp72 constructs were exposed to heat at 42°C or 43°C for 20 min, 24 h after transfection with a luciferase expression vector. Residual luciferase activity was measured immediately after heat exposure. No protection of luciferase activity was observed in either the wild-type Hsp72 protein or any of the Hsp72 mutants (Fig. 4a) . The level of expression of wild-type human Hsp72 in L929.3 cells is shown in Fig. 4b . To determine if a more effective protection of luciferase activity was possible, thermotolerance was induced in parental L929.3 cells 24 h after transfection of the luciferase vector. The 43°C 15 min heat treatment used to induce thermotolerance resulted in inhibition of more than 90% of the luciferase activity present, but new luciferase protein expressed during the 6-h recovery after heating resulted in a partial recovery of activity. This lower level of luciferase activity was used as the base level for the thermotolerant cells. In the thermotolerant cells, luciferase activity was significantly protected from denaturation after heating at both 42°C and 43°C (Fig. 4a) . This improved protection compared to the transgenic cells may be due to the higher level of Hsp72 induced in thermotolerant cells compared to those expressing human Hsp72 (Fig. 4b) and due to the expression of co-chaperones. However, Nollen et al. (1999) reported that thermotolerant cells were more resistant to heat than cells expressing identical levels of Hsp72.
While Hsp72 failed to protect luciferase activity from heat denaturation in L929.3 cells, when human Hsp72 was expressed in 4T1.2 breast carcinoma cells, a modest protection of luciferase activity was observed after heating at 42°C but not at 43°C (Fig. 4c) . The lack of protection at 43°C is possibly due to the increased damage to luciferase compared to that seen at 42°C (32% residual activity after 42°C compared to 13% after 43°C) and the inadequate level of protective chaperones present in the cells. The level of expression of human Hsp72 in the 4T1.2 cells is shown in Fig. 4d . This difference in the ability of Hsp72 to protect luciferase from heat denaturation in L929.3 cells, in 4T1.2 cells, and in thermotolerant L929.3 cells suggests that the chaperone function of Hsp72 is highly dependent on the internal cell environment and the presence of co-chaperone proteins. To explore this further, we compared the levels of co-chaperones (Hsp90, Hsp73, and Hsp40) by western analysis, but did not detect marked differences in the total levels of these proteins between the 4T1.2 and L929.3 cell lines (data not shown). Hence, the difference in the capacity of human Hsp72 to protect luciferase in 4T1.2 and L929.3 cells cannot be explained simply by increased expression of co-chaperones in the 4T1.2 cells.
The expression of wild-type Hsp72, but not mutant constructs, restores luciferase activity after heat stress Since minimal protection of luciferase activity from direct heat inactivation was observed, the luciferase assay was modified to investigate whether Hsp72 could assist in the recovery of luciferase activity after denaturation. Cells were transfected with the luciferase vector and heated as described previously, but after heat, were allowed to recover for varying times at 37°C in the presence of cycloheximide. CHX was added to ensure that the measured luciferase activity was derived from the reactivation of pre-existing protein rather than expression of new luciferase protein. Addition of 10 μg/ml of CHX before and/or after heat treatment was equally effective in blocking new protein synthesis, but treatment with CHX before heat strongly protected luciferase from heat damage (data not shown). This is due to the protein synthesis-independent thermotolerant state induced by CHX, as reported previously (Lee and Dewey 1987) . Therefore, for these experiments, CHX was added immediately after heat exposure, resulting in inhibition of new protein synthesis (including heat-induced expression of endogenous HSP) without inducing thermotolerance.
L929.3 cells expressing the various Hsp72 constructs and transfected with the luciferase vector were subjected to heat shock at 42°C for 20 min, treated with CHX, and allowed to recover for the specified time at 37°C. After 3 or 6 h, cells were harvested, lysed, and frozen at −70°C. These frozen extracts were later thawed and assayed together for luciferase activity. While there was no significant difference in luciferase activity 3 h after heating, the cells expressing wild-type Hsp72 showed a significantly improved recovery of activity after 6 h (Fig. 5) . In comparison, the cells expressing mutant Hsp72 proteins possessed an increased level of luciferase activity compared to the BV control, but this difference was not statistically significant. Thus, the expression of wild-type Hsp72, but not mutant Hsp72 proteins, confers a significant increase in chaperone activity in L929.3 cells. It would have been interesting to assess luciferase refolding at longer time points, but the toxicity of CHX after 8-9 h did not allow us to assess these longer recovery times.
Discussion
The mechanism by which Hsp72 inhibits stress-induced apoptosis remains clouded by controversy. One study reported that the anti-apoptotic function of Hsp72 is dependent on chaperone activity, as both the N-terminal ATP-binding domain and the C-terminal substrate-binding domain of the protein are required to inhibit apoptosis induced by heat (Mosser et al. 2000) . However, other similar studies have reported that Hsp72 chaperone activity is not required and that the C-terminal substrate-binding domain is sufficient to protect cells from stress. For example, (Li et al. (1995) observed that the C-terminal fragment of Hsp72 was capable of protecting Rat-1 cells from heat-induced cell death, even though it failed to enhance the repair of transcription and translation. This study neatly illustrates that the inhibition of cell death does not always require the chaperone repair function of Hsp72. While Li et al. measured cell death rather than apoptosis, other studies have reported that the substrate-binding domain is sufficient to inhibit apoptosis (Sun et al. 2006; Volloch et al. 1999 ). In the absence of any confirmed antiapoptotic Hsp72-binding targets, the mechanism of how Hsp72 inhibits apoptosis may provide vital clues to how this protein protects cells from stress.
To clarify whether or not Hsp72 chaperone activity is required for the inhibition of stress-induced apoptosis, we measured both stress-induced apoptosis and chaperone activity in L929 cells constitutively expressing different Hsp72 constructs. These cell lines expressed either wildtype Hsp72 or mutants lacking ATPase or substrate-binding activity. To test the requirement for the ATPase domain and/ or ATPase activity for the inhibition of apoptosis, we employed both the 381-640 deletion mutant, lacking the ATPase domain (Freeman et al. 1995) , and the K71E point mutant that retains the ATPase domain but lacks ATPase activity (Rajapandi et al. 1998) . We also expressed the 1-611 C-terminal deletion mutant that retains a portion of the substrate-binding domain but lacks the ability to bind protein substrates (Freeman et al. 1995) .
Our results confirmed that the Hsp72 substrate-binding domain is sufficient to inhibit heat-induced apoptosis in L929.3 cells as described previously in Rat-1 fibroblasts (Volloch et al. 1999) . Both the 381-640 Δ-ATPase mutant and the K71E point mutant protected cells in an equivalent fashion to the full length protein, while cells expressing the 1-611 fragment, lacking an active substrate-binding domain, apoptosed at an equivalent rate to base vector control cells. We also confirmed that the Hsp72 substrate-binding domain was capable of conferring a long-term survival advantage to heated cells and not just delay the onset of cell death. The 381-640 Δ-ATPase proved as efficient as wildtype Hsp72 in blocking extrinsic apoptotic signaling through TNFα. The K71E point mutant was also effective, but marginally less so, possibly due to the lower levels of the K71E protein present. In comparison, the 1-611 deletion mutant again failed to provide any protection compared to the base vector control cells. The inhibition of apoptosis is clearly linked to the presence of a functional substratebinding domain as the 381-640 and K71E Hsp72 mutants are both capable of binding protein substrates, while the 1-611 Hsp72 fragment, that fails to inhibit apoptosis, lacks this capacity (Freeman et al. 1995; Rajapandi et al. 1998) .
Thermally labile luciferase was used to determine the ability of wild-type and mutant Hsp72 to protect and/or repair proteins damaged by thermal denaturation in the same L929.3 cells used to assay apoptosis. Only the wildtype Hsp72 was capable of promoting a significant increase in the repair of thermally denatured luciferase, compared to the base vector control cells. All three of the mutant Hsp72 proteins did appear to provide some improvement in the repair of denatured luciferase, but this was statistically insignificant when compared to the control cells. This small increase in the rate of luciferase refolding is likely to be non-specific in nature as the three proteins contain no functional domains in common (Minton et al. 1982) . Unlike previous studies (Freeman et al. 1995; Frydman et al. 1994; Herbst et al. 1997; Schumacher et al. 1994 ), Hsp72 expressed in L929.3 cells was not capable of protecting luciferase from thermal denaturation. This failure appeared to be specific to the L929.3 cells as Hsp72 did offer a degree of thermal protection to luciferase when expressed in 4T1.2 cells. Thermotolerant L929 cells that express endogenous Hsp72, showed significant protection against luciferase denaturation. The increased protection of luciferase activity in thermotolerant cells compared to cells expressing transgenic Hsp72 has already been noted (Nollen et al. 1999) and is probably related to the presence of additional chaperone and co-chaperone proteins in thermotolerant cells (Craig 1985) .
In agreement with studies by Li et al. and Volloch et al., our results clearly show that Hsp72 protects cells from heatinduced apoptosis and heat-induced protein damage by distinctly different mechanisms (Li et al. 1995; Volloch et al. 1999) . While the repair of heat-denatured luciferase required the chaperone activity of wild-type Hsp72, the substrate-binding domain of Hsp72 was sufficient to inhibit heat-induced apoptosis. Paradoxically, the survival of heated cells does not appear to be dependent on protein repair, despite heat causing extensive protein denaturation Fig. 5 Expression of wild-type but not mutant Hsp72 enhances recovery of luciferase activity. L929.3 BV, wild-type Hsp72, and mutant (K71E, 381-640, or 1-611) cells were exposed to mild heat shock at 42°C for 20 min followed by recovery at 37°C for 0, 3, or 6 h in the presence of 10 μg/ml of cycloheximide. Samples were harvested and assayed for luciferase activity, which was expressed as percent of that in non-heated cells. Data are expressed as mean ± standard error from three independent experiments. Statistical analysis by Student's t test; *p<0.05 that might be expected to have a negative impact on cell survival (Lepock et al. 1993) . The distinction between protein repair and the regulation of apoptosis is further highlighted by the ability of both the substrate-binding domain and wild-type Hsp72 to inhibit TNFα-induced apoptosis. TNFα induces apoptosis by activating the extrinsic apoptotic signaling pathway and does not cause any protein damage that might require repair by protein chaperones (Steel et al. 2004 ).
While we and others have observed that the Hsp72 substrate-binding domain inhibits apoptosis, others have shown that chaperone activity is required to regulate apoptotic signaling (Gotoh et al. 2004; Mosser et al. 2000; Ruchalski et al. 2006) . In each of these examples, Hsp72 was expressed under control of the inducible tetracycline promoter, while those studies that reported protection independent of chaperone activity used constitutive Hsp72 expression systems Sun et al. 2006; Volloch et al. 1999) . Differences in behavior between constitutively and inducibly expressed Hsp72 have been noted previously but never adequately explained. In the only comparative study of inducible and constitutive Hsp72 expression, Mosser and co-workers reported that inducible Hsp72 inhibited apoptosis by suppressing JNK signaling while constitutively expressed Hsp72-inhibited apoptosis by a JNK-independent mechanism ). It appears that the requirement of Hsp72 chaperone activity for the inhibition of stress-induced apoptosis also varies depending on the mode of Hsp72 expression. The existence of chaperone-dependent and -independent regulation of stress-induced apoptosis suggests that Hsp72 may be functioning by at least two independent mechanisms, depending on the cellular context. These multiple mechanisms may in part explain the conflicting results reported by different laboratories studying Hsp72 function.
The two different modes of Hsp72 activity in the inhibition of stress-induced apoptosis provide important clues into how Hsp72 may be interacting with the apoptotic signaling pathways. In vitro studies have shown that, in the absence of a functional ATPase domain, the substratebinding domain maintains a high affinity for peptide and protein substrates and cannot adopt the low affinity conformation normally induced by the binding of ATP (Freeman et al. 1995; Rajapandi et al. 1998 ). Thus, it seems likely that the inhibition of apoptosis by the substratebinding domain is due to the formation of a stable complex between it and unknown component(s) of the apoptosis signaling pathway, rather than chaperone activity being required to remodel the structure of the signaling molecule (s), as is the case with the glucocorticoid receptor (Dittmar and Pratt 1997) . Expression of the 381-640 and K71E mutants in L929 cells also resulted in a slower rate of cell growth, suggesting that the unregulated binding properties of these proteins may affect other cellular functions in addition to apoptosis. Similarly, the Hsp72 substratebinding domain is still capable of inhibiting JNK activation when expressed transiently, even though it fails to protect cells from heat-induced apoptosis under these conditions (Mosser et al. 2000) . While the equal levels of protection afforded by wild-type Hsp72 and the Hsp72 substratebinding domain in L929.3 cells suggests that they are acting by a common mechanism, the Δ-ATPase mutants and wild-type Hsp72 possess very different substratebinding properties (Freeman et al. 1995; Rajapandi et al. 1998) . Unfortunately, there is very little information on the binding kinetics of Hsp72 to protein substrates in vivo, so it is unclear if wild-type Hsp72 is capable of forming stable protein complexes inside cells or whether the cycle of Hsp72 binding and release associated with chaperone activity is capable of producing similar outcomes as more stable binding interactions. The lack of stable complex formation between Hsp72 and apoptotic signaling molecules may explain the failure to identify Hsp72-binding target(s) responsible for regulating apoptosis.
In cells expressing inducible Hsp72, Hsp72 chaperone activity is required for the inhibition of apoptosis and therefore it may be assumed that rather than simply binding a component of the apoptotic signaling pathway, Hsp72 is actively remodeling an apoptotic signaling molecule. While there is some information available on the role that Hsp72 plays in chaperoning proteins through intracellular membranes (De Los Rios et al. 2006 ) and remodeling complex protein structures such as clathrin-coated pits (Prasad et al. 1994) , the effect of Hsp72 on intracellular signaling remains largely undefined. Hsp72 has been shown to bind to a variety of different kinases and signaling molecules, and so may have an impact on a number of different aspects of cell regulation including the cell cycle (Diehl et al. 2003) and p53 signaling (Fourie et al. 1997) .
This study has highlighted the two different modes of Hsp72 activity present in cells. In L929.3 cells that constitutively express Hsp72, chaperone activity was required for the repair of heat-denatured proteins but was not required for the inhibition of stress-induced apoptosis. In these cells, Hsp72 substrate binding was sufficient to inhibit apoptotic signaling in response to both heat and TNFα as well as producing slower rates of cell replication. Thus, it seems that the formation of stable complexes between Hsp72 and other cellular proteins is capable of influencing various aspects of cell behavior. However, other studies have shown that in cells expressing Hsp72 in a transient fashion, chaperone activity is required for the inhibition of apoptosis, presumably through the remodeling of apoptotic signaling molecules. Thus, the expression of Hsp72 under transient or chronic conditions leads to different mechanisms of Hsp72 inhibiting apoptotic signaling.
As inducible expression of Hsp72 is associated with the heat shock response (Craig 1985) and constitutive expression of Hsp72 is commonly observed in cancer (Ciocca and Calderwood 2005) , both models of Hsp72 activity deserve further examination.
